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ABSTRACT
We present late-time Hubble and Spitzer Space Telescope imaging of SN 2008S
and NGC 300 2008OT-1, the prototypes of a common class of stellar transients
whose true nature is debated. Both objects are still fading and are now > 15 times
fainter than the progenitors in the mid-IR and are undetected in the optical and
near-IR. Data from the Large Binocular Telescope and Magellan show that neither
source has been variable in the optical since fading in 2010. We present models
of surviving sources obscured by dusty shells or winds and find that extreme dust
models are needed for surviving stars to be successfully hidden by dust. Explaining
these transients as supernovae explosions, such as the electron capture supernovae
believed to be associated with extreme AGB stars, seems an equally viable solution.
Though SN 2008S is not detected in Chandra X-Ray Observatory data taken in
2012, the flux limits allow the fading IR source to be powered solely by the shock
interaction of ejecta with the circumstellar medium if the shock velocity at the time
of the observation was ∼> 20% slower than estimated from emission line widths while
the transient was still optically bright. Continued SST monitoring and 10 − 20 µm
observations with JWST can resolve any remaining ambiguities.
1 INTRODUCTION
SN 2008S-like events are transients arising from heavily ob-
scured extreme asymptotic branch stars (Prieto et al. 2008;
Thompson et al. 2009). The spectra of the events are similar
to Type IIn supernovae (SNe), but have lower ejecta veloc-
ities (∼ 1000 km/s) and peak luminosities (∼ −10 to −15
mag) than typical supernovae (e.g., Smith et al. 2011).
SN 2008S-like transients are not a rare, inconsequential
phenomenon. Though few events have been detected due to
their low luminosities, the rate of these transients is ∼ 10−
20% of the core-collapse supernova (ccSN) rate (Thompson
et al. 2009). The obscured progenitors of these transients are
very rare (even relative to massive stars; Thompson et al.
2009; Khan et al. 2010), which likely means that the dust-
enshrouded phase is a relatively common but short-lived (<
104 yr) phase (Thompson et al. 2009).
These transients are often considered to be a subclass
of SN impostors. However, other SN impostors seem to arise
from more massive stars (> 20 M) and are often consid-
ered to be eruptions of Luminous Blue Variables (see, e.g.,
Humphreys & Davidson 1994; Smith et al. 2011; Kochanek
et al. 2012). While some events classified as SN impostors
clearly are non-terminal, evidence is emerging that others
are just as likely to be low-luminosity, core-collapse events
(Kochanek et al. 2012; Adams & Kochanek 2015).
The two best prototypes of the SN 2008S class are SN
2008S itself (Arbour & Boles 2008) and the very similar
NGC 300 2008OT-1 (Monard 2008, hereafter referred to as
N300OT). The progenitor of SN 2008S was heavily obscured
and undetected in the optical, but was identified as a mid-IR
source with L∗ ' 104.5 L and a blackbody temperature of
Tbb ' 440 K (see Table 1; Prieto et al. 2008). The transient
peaked at an absolute V-band magnitude of −14.0 ± 0.2
(Botticella et al. 2009). Likewise, the dusty progenitor of
N300OT had a luminosity of 104.9 L and Tbb ' 300 K
(see Table 2; Prieto 2008). The N300OT transient peaked at
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−12.9 < MV < −12.0 depending on the reddening estimate
(Bond et al. 2009).
Kochanek (2011a) concluded that SN 2008S and
N300OT were explosive transients where a radiation spike
occurring when shocks broke out from the surface of the
star temporarily destroyed their encasing dust cocoons. Bot-
ticella et al. (2009) supports the interpretation that SN
2008S is a weak electron-capture supernova (ecSN) of a
super-asymptotic giant branch progenitor, finding the quasi-
bolometric light out to 300 days to be consistent with the de-
cay of 56Co. However, Smith et al. (2009) find a substantial
bolometric correction at 270 days that makes the true decay
rate (0.06 mag day−1) almost half that of 56Co. Moreover,
they find the spectrum to be similar to that of a Galactic hy-
pergiant, and favor interpreting the event as the cool super-
Eddington wind of an LBV in eruption. Likewise, Berger
et al. (2009) favor a similar non-terminal event for N300OT
on the basis of its low energy and spectroscopic similari-
ties to an active yellow hypergiant. Meanwhile, Kashi et al.
(2010) propose that N300OT was the result of mass transfer
episode from an extreme asymptotic giant branch star to a
main-sequence companion. Prieto et al. (2009) find similar-
ities between the spectrum of N300OT and proto-planetary
nebulae consistent with a ∼ 6 − 10M carbon-rich asymp-
totic giant branch (AGB), super-AGB, or post-AGB star as
the progenitor.
Ultimately, whether these transients were terminal
events must be settled by late-time imaging to see if the
sources either vanish or settle back to luminosities similar
to that of the progenitors. Prieto et al. (2010) and Szczygie l
et al. (2012b) found SN 2008S to be brighter than the pro-
genitor but still fading in 2010 and 2011. While the evolution
of other, older SN 2008-like transients such as SN 1999bw
and SN 2002bu have also been followed and show the sources
to be fading (Kochanek et al. 2012; Szczygie l et al. 2012a),
these test cases are less powerful because there were no pre-
transient detections of the progenitors.
We have continued to monitor the prototypes of this
class of transients, SN 2008S and N300OT, with the Hubble
Space Telescope (HST ), the Spitzer Space Telescope (SST ),
the Chandra X-ray Observatory, the Large Binocular Tele-
scope (LBT) and Magellan. In §2 we present late-time data
showing that these objects have faded below the luminosi-
ties of their progenitors. We then introduce the methods
and models we use to constrain the existence of any surviv-
ing stars. In §3 we present the results of modeling the spec-
tral energy distributions (SEDs) of the sources and evaluate
whether surviving stars could be hidden behind dust. In §4
we summarize the results and discuss the implications.
We adopt distances of 1.88 Mpc to NGC 300 (Gieren
et al. 2005) and 5.6 Mpc to NGC 6946 (Sahu et al. 2006)
and Galactic foreground extinctions of E(B − V ) = 0.011
for NGC 300 and 0.303 mag for NGC 6946 based on the
Schlafly & Finkbeiner (2011) recalibration of the Schlegel
et al. (1998).
Figure 1. The 4.5 µm light curves of SN 2008S (red pentagons)
and N300OT (black squares). The progenitor luminosities are
given by the solid horizontal lines with the 1σ uncertainties shown
with dashed lines. Both objects have faded below their progenitor
luminosities at 4.5 µm. The late-time declines of L4.5 are well-fit
by an exponential for both sources.
2 DATA AND MODELS
2.1 Data
2.1.1 Optical and IR
We utilize both new and archival SST data. We obtained a
series of 3.6 and 4.5 µm images between 2010 and 2015 (pro-
gram IDs 70040, 80015, 90124, 10081, and 11084). We sup-
plemented this data with available archival images (program
IDs: 159, 1083, 3248, 10136, 20256, 20320, 30292, 30494,
40010, 40204, 40619, 61002, 80196, 90178; PIs: J. Andrews,
M. Barlow, W. Freedman, G. Helou, M. Kasliwal, R. Ken-
nicutt, R. Kotak, W.P. Meikle, M. Meixner, B. Sugerman).
We followed the evolution of SN 2008S and N300OT over the
same time period with HST/WFC3 IR F110W and F160W
imaging (GO-12331, 12450, 13613, and 14049). We also use
public WFC3 UVIS F438W, F606W, and F814W images of
SN 2008S taken in Feb. 2014 (PI B. Sugerman, GO-13392)
to supplement our optical limits.
We have been monitoring NGC 6946 (the host of SN
2008S) with the Large Binocular Camera (LBC; Giallongo
et al. 2008) on the LBT as part of a program searching for
failed SNe (Kochanek et al. 2008; Gerke et al. 2015), with 30
epochs since 2008 in the U, B, V, and R bands. We also use
pre-eruption LBT B and V band images of NGC 6946 taken
as part of a public program (PI Pasquali) in May 2007. We
monitored the optical evolution of N300OT with 6 epochs
of R-band imaging taken with the Inamori-Magellan Areal
Camera and Spectrograph (IMACS; Dressler et al. 2011) on
the Baade-Magellan 6.5-m telescope between 2009 and 2015.
Because we have image sequences with the transient
varying, source location and identification is generally triv-
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Figure 2. SST images of the region surrounding SN 2008S. The
top row shows the 3.6 µm images and the bottom row shows the
4.5 µm images. The left-hand panels are pre-eruption images, the
center panels are the latest epochs, and the right-hand panels are
the difference between the two, where flux decreases are white.
Each green circle is centered on the transient location and has
a 5” radius. The difference images show that SN 2008S is now
fainter than its progenitor at both 3.6 and 4.5 µm.
Figure 3. SST images of the region surrounding N300OT. The
top row shows the 3.6 µm images and the bottom row shows the
4.5 µm images. The left-hand panels are pre-eruption images, the
center panels are the latest epochs, and the right-hand panels are
the difference between the two, where flux decreases are white.
Each green circle is centered on the transient location and has a
5” radius. The difference images show that N300OT is now fainter
than its progenitor at both 3.6 and 4.5 µm.
ial. Image subtraction was performed using isis (Alard &
Lupton 1998; Alard 2000) to measure variability in all filters
for which we had multiple epochs. Systematic uncertainties
are estimated by generating isis light curves for a grid of
points within a certain separation (2.6–55” depending on
the instrument) of the target, calculating the standard devi-
ation of each light curve after 3σ clipping, and then taking
the average of these standard deviations after 3σ clipping
the ensemble as well. The SST light curves are given in Ta-
bles 3 and 4.
We also performed aperture photometry on the new
SST and HST images and present the results in Tables 5
and 6. For the SST data we used a 2.4 arcsec radius aper-
ture with a 2.4–4.8 arcsec radius sky annulus (except for
the late-time SN 2008S data where we used a 1.2 arcsec
radius aperture with a 1.2-2.4 arcsec radius sky aperture
because the source had faded to a similar flux as a nearby
source that would have contaminated the larger aperture)
and the standard aperture corrections from the IRAC in-
strument handbook. For the HST data we used a 0.26 arcsec
radius aperture with a 0.26–1.03 arcsec radius sky annulus
and aperture corrections calculated using the HST point
spread function (PSF) models from tiny tim (Krist 1995;
Krist et al. 2011)1. For comparison, the constraints on the
progenitors of SN2008S and N300OT from previous works
are given in Tables 1 and 2.
Figures 1, 2, 3, and 4 provide illustrations of the funda-
mental observation that both transients are now fainter than
their progenitors at every band where it is presently feasible
to make the comparison. Fig. 1 shows this using the 4.5 µm
light curves and Figures 2 and 3 illustrate this visually using
pre-transient and present-day SST images, along with their
differences. The current SED constraints are compared to
those of the progenitors in Fig. 4. As before the transients,
there are now only upper limits on the optical and near-IR
fluxes of the two sources.
We can also use image subtraction to set stringent limits
on the late-time variability of SN 2008S and N300OT. Tables
7 and 8 list the constraints found when only using data taken
after the transients had completely faded (∼> 2 and ∼> 4 years
post-peak for the optical and near-IR, respectively).
2.1.2 X-ray
We observed SN 2008S with ACIS-S (Garmire et al. 2003)
onboard the Chandra X-ray Observatory (Weisskopf et al.
2002) on 2012–5–21 with an exposure time of 20.4 ks. The
data were reduced following the standard procedures. We
reprocessed all the data using the CIAO 4.7 software tools,
and the events are filtered using the standard ASCA grades
of 0, 2, 3, 4, and 6. We did not detect the X-ray counterpart
of SN 2008S, and set a 90% confidence upper limit on the
absorbed (i.e., observed) flux of 1.4× 10−15 erg s−1 cm−2 in
the full 0.5–7 keV band, and 3.8 × 10−16, 4.7 × 10−16, and
2.4× 10−15 erg s−1 cm−2 in the 0.5–1.2, 1.2–2, and 2–7 keV
bands. To correct for absorption we adopt log NH = 21.6
for the Galactic absorption to X-ray sources in NGC 6946
(Holt et al. 2003). This an order of magnitude higher than
the value reported by colden2, the Chandra Galactic neu-
tral hydrogen density calculator. Additionally, we estimate
the hydrogen column density of the CSM exterior to the ex-
panding shock assuming the wind density parameter of the
progenitor found in §2.3 as
NH ' 1022.69
(
M˙/vw
2.4× 10−5 M yr−1/km s−1
)
×
(
1100 km s−1
vej
)(
4.3 yr
telap
)
cm−2, (1)
where M˙ is the progenitor mass loss rate, vw is the velocity
of the progenitor wind, vej is the ejecta velocity, and telap is
the time elapsed since the start of the transient at the epoch
1 http://tinytim.stsci.edu/cgi-bin/tinytimweb.cgi
2 http://cxc.harvard.edu/toolkit/colden.jsp
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of X-ray observation. The upper limit on the IR luminosity
that could come from absorbed X-rays given our X-ray non-
detection is
LIR <
(
4pid2Fobs,Chandra
fChandra
)(
1− ftrans,CSM
ftrans,CSMftrans,gal
)
, (2)
where Fobs,Chandra is the observed flux in the Chandra band-
pass, d is the distance to NGC 6946, fChandra is the fraction
of the X-ray luminosity emitted in the Chandra bandpass,
ftrans,CSM is the fraction of the X-ray luminosity transmit-
ted through the column density of the CSM exterior to the
shock, and ftrans,gal is the fraction of the remaining X-ray
luminosity transmitted through the column density of the
Galaxy. The characteristic X-ray energy of a shock moving
through a wind at velocity vs is
Es =
3µ
16
mpv
2
s ' 1.46
(
vs
1100 km s−1
)2
keV (3)
for a mean molecular weight of µ = 0.6. Using the pimms
calculator3 for Chandra with a 1.46 keV shock and a thermal
Bremsstrahlung model to estimate fChandra, ftrans,CSM, and
ftrans,gal, we find
LIR < 2.5× 104
(
d
5.6 Mpc
)2(
Fobs,Chandra
1.4× 10−15 erg s−1 cm−2
)
×
(
0.62
fChandra
)(
f−1trans,CSM − 1
6.0
)(
0.62
ftrans,gal
)
L. (4)
2.2 Dust Models & Scalings
It is necessary to consider plausible models of dust obscura-
tion when interpreting the significance of the observed de-
cline in mid-IR flux of the targets and the non-detections at
optical and near-IR wavelengths. The evolution of the SEDs
during the transients indicate that dust re-formed in the
pre-existing winds (Kochanek 2011a), but this, at most, can
only return the objects to their original level of obscuration.
If the progenitors survived without a decrease in bolometric
luminosity, the observed decrease in mid-IR flux requires an
additional source of obscuration.
We focus on two possibilities for increased obscuration:
dust formed in a shell ejected at the time of the explosion
expanding into the pre-existing wind or dust formed in a
thicker wind that began following the transient. These sce-
narios and the dust scalings we present below are similar
to the analysis we described in Kochanek et al. (2012) and
Adams & Kochanek (2015).
In the shell model, dust would form once the ejecta has
expanded far enough from the star for it to be cool enough
for dust to condense at the dust formation temperature,
Tf . The continuing expansion of the shell drives down its
density so that most of the dust is formed soon after the
shell reaches the radius, Rf , at which dust formation can
occur. At late-times, after dust formation is complete, this
geometric dilution (assuming constant velocity) translates
into an optical depth that decreases as
τ(t) =
Mejκ
4piv2e t2
, (5)
3 http://cxc.harvard.edu/toolkit/pimms.jsp
where Mej is the ejected mass, ve is the radial velocity of
the ejected shell and κ is the opacity. Any surviving star
that is obscured by a dusty, ejected shell should appear to
re-brighten as the optical depth decreases. Deviations from
this simple scaling for spherical expansion can generally only
accelerate the drop in the optical depth (see Kochanek et al.
2012). Since the current observed luminosity in a given filter,
f, is Lf,obs = Lf,∗e−τf,eff , where Lf,∗ is the stellar luminosity
in band f, and τf,eff is the current effective optical depth in
the given filter, the limit on the observed rate of change in
the flux in a given band, dLf,obs/dt constrains the maximum
luminosity, Lf,∗, of a surviving star within the expanding
shell to
Lf,∗ <
1
2
t
τf,eff
(
dLf,obs
dt
)
eτf,eff . (6)
In this model, the mass of the ejected shell required for a
given, current, total optical depth, τf,tot, is
Mej =
4piv2e t
2τf,tot(t)
κf
. (7)
The total and effective optical depths are related by τeff =
[τabs(τabs + τsca)]
1/2, with τabs and τsca being the absorption
and scattering optical depths, respectively. This relation can
also be expressed in terms of the scattering albedo, w, by
τeff = (1− w)1/2τtot.
As the SN ejecta expands into the dusty CSM the
pre-existing dust is likely destroyed by the passage of the
shock front (Draine & Salpeter 1979; Slavin et al. 2015). A
schematic illustration of the evolution of the obscuration is
given in Fig. 5. If this is the case, the optical depth would
evolve more quickly than t−2 and Equation 6 would still be
a valid upper limit on the luminosity of a surviving star.
Alternatively, the optical depth may avoid the τ(t) ∝
t−2 evolution of the shell case if the obscuration is dominated
by dust in a steady state wind. If we again assume that all
of the dust forms at the dust formation radius, Rf , the rate
of mass loss for a steady wind of a given optical depth and
extending to infinity is
M˙ =
4pivwRfτf,tot
κf
, (8)
where Rf ∼ L1/2/T 2f and Tf ∼ 1500 K.
We will use these relations in §3 to help determine
whether there could be surviving stars to SN 2008S and
N300OT obscured by an expanding shell or steady-state
wind.
2.3 DUSTY
Following the methods of Adams & Kochanek (2015), we
model the SEDs of SN 2008S and N300OT with the dusty
radiative transfer code dusty (Ivezic & Elitzur 1997; Ivezic
et al. 1999; Elitzur & Ivezic´ 2001), with stellar atmospheric
models from Castelli & Kurucz (2004) for stars of solar com-
position but with various temperatures. We present possible
model SEDs found by using a Markov Chain Monte Carlo
wrapper around dusty in Fig. 4. The shell models assume
expansion velocities of ve = 560 and 1100 km s
−1 (± a factor
of two; Smith et al. 2011) for NGC 300-OT and SN 2008S
respectively, with the shell ejected at the beginning of the
transients. We incorporate the variability constraints (listed
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Figure 4. Best-fit SEDs for possible surviving stars with T∗ = 3500, 10000, and 30000 K in the dusty shell scenario for τV,tot = 0,
1, 10, 100, and 1000 are given by the labeled black lines, which are solid for N300OT and SN 2008S models consistent with the data
and dotted if they are not. The current photometric constraints are given by the large black squares. For comparison the SEDs of the
progenitors are displayed by the red dashed lines and small pentagons. Many of the uncertainties for the detections are smaller than the
sizes of the points. Since the only late-time detections are at 4.5 µm and there are no constraints at longer wavelengths there are some
degeneracies in the solutions, with increasingly luminous survivors allowed for high optical depths and cooler dust photospheres. The
progenitor models were fixed to T∗ = 3500 K and Tdust = 1500 K and the dusty shell models were fixed to Rout/Rin = 2. Consistency
with the data is defined here by χ2 < 16.8 (26.2) for N300OT (SN 2008S), where the probability of exceeding the χ2 value is 1% for 6
(12) degrees of freedom. Surviving stars with luminosities similar to the progenitors require τV,tot ∼> 100.
in Tables 8 and 7) into the shell model by adding χ2 contri-
butions for each constrained filter, f, found by
χ2f =
(
dLf,obs/dt− dLf,mod/dt
σdLf,obs/dt
)2
, (9)
where the model variability, dLf,mod/dt, is
dLf,mod
dt
=
2Lfτf,eff
telap
. (10)
Unless noted otherwise, we assume a dust shell thickness
of Rout/Rin = 2. We assume graphitic dust (based on Pri-
eto et al. 2009) and an MRN grain size distribution (which
has an optical albedo of wV ' 0.47, corresponding to
τV,eff ' 0.73τV,tot). For the wind case, the inner edge of
the dust distribution is set by Rf . Since emission is only
detected at 4.5 µm and there are no limits at longer wave-
lengths, there are many possible ways to model the SED. In
§3 we present MCMC results for three representative stellar
temperatures (T∗ = 3500, 10000, and 30000 K). For com-
pleteness we also provide results for grids of models with dif-
ferent stellar temperatures and optical depths in Appendix
A.
We also generate new fits for the progenitors of SN
2008S and N300OT as super-AGB stars obscured in con-
stant velocity winds of graphitic dust. Fixing T∗ = 3500
K and Tdust = 1500 K, gives log L∗/L = 4.54 ±
0.07, τV,tot = 290
+250
−70 , log Rf/cm = 14.62
+0.08
−0.05, log
Rphot,4.5/cm = 15.1 ± 0.1, and log(M˙/vw) = −4.6+0.4−0.2 for
SN 2008S and log L∗/L = 4.88 ± 0.02, τV,tot = 600+30−20,
log Rf/cm = 14.84 ± 0.02, log Rphot,4.5/cm = 15.74 ± 0.03,
and log(M˙/vw) = −4.09+0.03−0.04 for N300OT, where Rphot,4.5
is the 4.5 µm photospheric radius, M˙ is in M yr−1 and vw
is in km s−1. These values of M˙ yr−1 are shifted relative
to Kochanek (2011a) because of the use of constant velocity
winds rather than than dusty’s self-consistent wind accel-
eration models.
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Figure 5. Schematic of the possible evolution of dust around
SN 2008S-like transients: a) Pre-transient—the progenitor is ob-
scured by a thick, dusty wind, b) the transient destroys most of
the dust from the inside out, c) dust starts to re-form in the wind
and obscures the transient, d) dust forms in the shell ejected dur-
ing the transient after it reaches Rf , and e & f) the ejected shell
expands and destroys the dust formed in the pre-existing wind as
the shock front passes through.
3 SURVIVING STARS OBSCURED BY DUST?
3.1 Dusty Shell
Figure 4 illustrates the constraints on possible surviving
stars. We discuss three representative possibilities for the
stellar temperature: an AGB star with T∗ = 3500 K, a hot-
ter star with T∗ = 104 K (e.g. a star on a “blue loop” as sug-
gested by Humphreys et al. 2011), and a still hotter star with
T∗ = 3×104 K. Since the progenitors were likely cool, super-
AGB stars (Thompson et al. 2009), we first consider the
constraints on such stars (see the left-hand column of Fig.
4). The SED from an unobscured 3500 K star peaks around
1 µm and is strongly constrained by the very deep optical
and near-IR limits. If the 4.5 µm flux is reprocessed emis-
sion from a surviving star, the deep constraints at shorter
wavelengths require that any stellar source be obscured by
τV,tot > 100 for N300OT and > 10 for SN 2008S. However,
stars at these lower optical depths also have to be signifi-
cantly less luminous than the progenitors.
For T∗ = 10000 (middle column of Fig. 4) the required
optical depths are only slightly reduced. The optical limits
strongly restrict luminous solutions at low optical depths
and the τV,tot = 0, 1, and 10 models are unable to fit the
4.5 µm flux without violating the optical and near-IR lim-
its. Only if the stars are made still hotter, as illustrated by
the T∗ = 30000 K model (right-hand column of Fig. 4), do
the optical limits become less constraining. However, large
optical depths are still required for the 4.5 µm flux to be
from reprocessed stellar emission.
If viewed only as limits, the late-time photometric data
do not, by themselves, rule out the possibility of very hot
(∼> 30, 000 K and ∼> 45, 000 K for SN 2008S and N300OT
respectively), unobscured stars with the luminosity of the
progenitors. However, the evolution of the transient SEDs
place lower limits on the current optical depths. Kochanek
(2011a) found that the optical depths had evolved to τV ∼
100 by 1000 days. Even if no additional dust formed and
we include the τ ∝ t−2 evolution from geometric expansion,
the current optical depths would be 15 < τV < 20 while
an optical depth of just τV ∼ 1 would reprocess enough
UV flux from a hot star into longer wavelengths that the
photometric limits would not allow a hot surviving star with
the progenitor luminosity.
We now consider the mass loss needed to produce the
high optical depths required by the SED constraints for sur-
viving stars. Figure 6 shows the MCMC results for surviving
stars with different temperatures obscured by a dusty shell.
We estimate the mass loss implied by these models using
Equation 7. Higher optical depths can hide more luminous
stars. At a given stellar luminosity, the spread in the optical
depth comes from the factor of two uncertainty used for the
shell expansion velocity. A faster expansion velocity corre-
sponds to a larger, cooler dust photosphere that emits more
radiation at wavelengths longer than our 4.5 µm constraint
and thus does not need as high of an optical depth. How-
ever, the required ejected mass is generally larger for these
solutions because the ejected mass is also proportional to
the area of the shell. The T∗ = 3500 K models require the
ejected mass of the shell to be > 1.0 and > 1.5 M (at the
90% confidence level) for N300OT and SN 2008S, respec-
tively. Allowing for the surviving stars to have become hot-
ter does not significantly change the required ejected mass
for N300OT and only decreases it for SN 2008S to 1.2 and
0.4 M for the 10000 and 30000 K cases, respectively.
The expanding shells would sweep up the pre-existing
CSM (as shown schematically in Fig. 5). The passage of
the shock would destroy dust that has re-formed in the pre-
existing wind (Draine & Salpeter 1979; Slavin et al. 2015),
but this swept up material could potentially form dust yet
again in the expanding shell. If the shocks have been freely
expanding up until our latest observations the swept up mass
would be
Msw = 0.3
(
M˙/vw
8× 10−5 M yr−1 / km s−1
)
(
ve
560 km s−1
)(
telap
6.8 yr
)
M (11)
for N300OT and ∼ 0.2 M for SN 2008S. With dust re-
forming in the swept up wind, the Mej inferred from Equa-
tion 7 needed to hide the surviving stars could be reduced
by up to Msw. Even after accounting for this, Mej > 0.7 and
> 1.2 M are needed to hide cool (3500 K) surviving stars
for N300OT and SN 2008S, respectively.
We can compare the required mass ejection with esti-
mates based on the transient light curves. Kochanek et al.
(2012) estimate ejected masses of 0.07 and 0.12 M by
equating the diffusion time to the timescale for the luminos-
ity to decrease by 1.5 magnitudes and ejected mass of 0.24
and 0.43 M from the photon “tiring limit” for radiatively
driven mass loss for N300OT and SN 2008S, respectively.
If the ratio of radiated to kinetic energy is similar to that
of η Car’s Great Eruption, the mass loss in the eruptions
would be 0.1–1 M for N300OT (Humphreys et al. 2011)
and 0.05–0.2 for SN 2008S (Smith et al. 2009). The amount
of mass ejected in the transient needed to hide a survivor
with a dusty shell is in significant tension with most of these
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Figure 6. MCMC results for the luminosity and dust optical depth of a surviving star obscured by an expanding shell ejected at the
time of the optical transients for N300OT (top panels) and SN 2008S (bottom panels). For comparison the progenitor luminosity and 1σ
uncertainties are displayed by the horizontal black line and surrounding gray shading. The MCMC points are color-coded by the ejected
mass implied by Eqn. 7 assuming κV = 100 cm
2 g−1.
estimates. Of course this is also an issue for interpreting the
transients as SNe.
3.2 Dusty Wind
Given that the mid-IR fluxes and limits are lower than those
of the progenitors, the stars have not simply re-enshrouded
themselves with the wind emitted prior to the transients.
To answer whether the transients could have signaled a
transition to a still higher-mass loss state that is obscur-
ing the stars in a thicker wind, we first must establish that
enough time has elapsed for this new wind to pass the dust
formation radius. For the luminosities of the progenitors,
the dust formation radii are (initially) 1014.2−14.9 cm (for
3500 K < T∗ < 39, 000 K and a dust condensation temper-
ature of 1500 K)4, which would require wind velocities of
10− 40 km s−1 in order for dust to have begun to form in a
new wind. The low end of these velocities is comparable to
the winds of 15 ± 4 and 12 ± 3 km s inferred from dusty’s
4 The dust formation radius also depends on τ once the wind is
optically thick because a forming dust grain is also heated from
radiation reprocessed by dust beyond the dust formation radius.
By τV ∼ 1000, Rf has increased to 1014.8−15.0 for the same pa-
rameters.
self-consistent dust-driven wind models for SN 2008S and
N300OT, respectively (Kochanek 2011a). So it is plausible
that obscuration from a denser wind has begun to develop
Figure 7 shows the MCMC results for surviving stars
with different temperatures obscured by a steady-state wind,
although we note that dust formation is unlikely for the two
hotter models (see Kochanek 2011b). First we consider the
possibility that the surviving stars are cool, like the pro-
genitors. With τV,tot up to 1000, a wind with Rout/Rf = 2
can only obscure surviving stars that are much fainter than
the progenitors. The main problem is that in order to ra-
diate luminosities similar to the progenitor at wavelengths
longer than our 4.5 µm constraint, the radius of the 4.5 µm
photosphere, R4.5, must be much larger than 2Rf . For a
given optical depth, a wind that has extended to a larger
radius is able to hide a more luminous star (compare the
Rout/Rf = 30, 10, and 2 results in Fig. 7) because the larger
radius results in a cooler dust photosphere that is less con-
strained by our mid-IR limits. However, the photometric
constraints require the mid-IR photosphere of a luminous
surviving star to be much larger than the radius that a post-
transient, dust-driven wind could have reached.
To illustrate this, we modelled the evolution of the
4.5µm photosphere of N300OT over time, supplementing the
photometric constraints presented in this paper with those
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Figure 7. MCMC results for the luminosity and dust optical depth of a surviving star obscured by a steady-state wind with Rout/Rf = 2,
10 and 30 for N300OT (top row) and SN 2008S (bottom row). Increasing Rout/Rf further has little effect. For comparison the progenitor
luminosity and 1σ uncertainties are displayed by the horizontal black line and surrounding gray shading. The MCMC points are color-
coded by the mass loss implied by Eqn. 8 assuming κV = 100 cm
2 g−1 and a wind velocity of 10 km s−1. A wind with this velocity
starting at the onset of the optical transient has only had time to reach ∼ 2Rf . A thicker wind requires a proportionally higher vw and M˙
(unless dust has re-formed in pre-existing wind that was not swept up by a shock). While 10 km s−1 is an appropriate wind velocity for
a 3500 K star, a 10000 K or 30000 K star would be expected to have a wind velocity of hundreds or thousands of km s−1 (e.g., Kudritzki
& Puls 2000) and the implied M˙ should be scaled accordingly by the reader. In all cases, luminous surviving stars require τV,tot ∼> 1000
and very high mass loss rates.
from Bond et al. (2009), Berger et al. (2009), Prieto et al.
(2009), Prieto et al. (2010), Ohsawa et al. (2010), and Hoff-
man et al. (2011). In order for the post-transient obscuration
to be greater than that of the progenitor and explain the
decrease in the mid-IR luminosity, the density of the CSM
around Rphot,4.5 must have increased. However, Fig. 8 shows
that the velocity required for material ejected during or af-
ter the transient to reach Rphot,4.5 ∼ 10Rf (∼ 500kms−1) is
much faster than the wind velocity of an AGB star progeni-
tor (∼ 12kms−1). Neither N300OT nor SN 2008S could have
survived as cool red supergiants obscured by a new wind.
We also considered the possibility that the eruption
transformed the progenitor into a hotter star with a much
faster wind possibly capable of reaching R4.5 (∼ 10Rf).
For T∗ = 10000 K (center columns of Fig. 7) even a fast
wind (∼ 500 km s−1) with τV,tot = 1000 that has reached
Rout/Rf = 10 is insufficient to hide the luminous progen-
itors. Please note that the mass loss estimates shown in
Figure 7 are scaled to a wind with 10 km s−1 and should
be rescaled proportionally with the wind velocity by the
reader (i.e., ×50 for a 500 km s−1 wind reaching 10Rf). For
T∗ = 30000 K (right-hand columns of Fig. 7) a very fast
wind (∼ 1500 km s−1) with τV,tot = 1000 that has reached
Rout/Rf = 30 is able to hide the progenitor of SN 2008S
but not of N300OT. For fast winds the large optical depths
require an unreasonably large mass loss of
M˙ ∼ 0.1
(
vw
500 km s−1
)(
Rf
1015 cm
)(
τV,tot
1000
)
×
(
100 cm2 g−1
κV
)
M yr
−1. (12)
A similarly extreme mass loss rate would be required for SN
2008S to have a surviving star obscured by a dusty wind.
Although such large mass loss rates have been inferred for
the progenitors of some SN IIn (e.g., Chugai et al. 2004;
Smith et al. 2010; Kiewe et al. 2012) and in models (Kashi
et al. 2015), these were much more massive stars.
The dust that re-formed in the pre-existing wind would
also contribute to the total obscuration. This would essen-
tially result in a more extended wind without requiring an
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Figure 8. Radius of the 4.5 µm photosphere, Rphot,4.5, of
N300OT as a function of time. The black points are the best-
fit values and 1σ uncertainties from the MCMC modeling of a
dusty shell (Rout/Rin = 2 with variable Tdust, but without the
velocity prior) for Rphot,4.5. The red points are for a dusty wind
(Tdust = 1500 K and variable Rout/Rin). The models leftward
of the first vertical, black line have variable T∗. Due to the de-
creasing number of photometric constraints we fix T∗ = 3500 K
for later epochs. Epochs after the second vertical black line only
have detections at 4.5 µm, so for these models we also fix L∗ to
the progenitor luminosity. For comparison, the solid black line
and the dashed red line show the radii that would be reached by
material ejected at the time of the transient with the labeled ve-
locities. A post-outburst wind could only give rise to the inferred
Rphot,4.5 if it has a very high velocity.
increased post-eruption wind velocity. However, as discussed
in §3.1, much of the dust in the pre-existing wind has likely
been destroyed a shock. Even if a shock did not sweep up
the pre-existing wind and dust again formed in this CSM
in addition to a heavier post-transient wind, any surviving
star must be obscured by τV,tot ∼ 1000 (see Rout/Rf = 30
results in Fig. 7).
4 DISCUSSION
The main observational results of the paper are that both
N300OT and SN 2008S have faded below the luminosities
of their progenitors in all filters for which a comparison can
be made. We do detect 4.5 µm flux at the location of these
transients, but the sources are still fading. The optical/near-
IR limits and the 4.5 µm detection allow a star as luminous
as the progenitor to still be present, but only if the optical
depth is very high. The obscuring material must be located
at large distances from the star in order to have a sufficiently
cold mid-IR photosphere. Using a newly forming wind seems
less plausible than having a dusty shell of ejecta, but the
ejected mass must be ∼> 1 M. It is unclear whether such
large, non-terminal mass ejections are plausible. While η
Car ejected ∼ 10 M during its Great Eruption (Smith et al.
2003), it did so over a period of a decade or more. Moreover,
the progenitors of N300OT and SN 2008S were < 14 M
(Bond et al. 2009; Berger et al. 2009) and more likely <
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Figure 9. Chandra constraints on the ejecta-CSM shock lumi-
nosity of SN 2008S. The blue lines show the maximum possible
luminosity of a fully radiative shock as a function of shock veloc-
ity for the best-fit wind density parameter of the progenitor (solid
line) and the 1-sigma uncertainties (dashed lines). The limit on
the shock luminosity ruled out by the Chandra non-detection on
2012-5-12 is given by the gray shaded region with the mid-tone
corresponding to best-fit wind density parameter and the lighter
and darker tones corresponding to the 1-sigma uncertainties. The
estimated 4.5µm luminosity for this epoch (interpolated from the
lightcurve) is shown by the red, horizontal, solid line. The ejecta
velocity and the adopted factor of two uncertainties are given by
the black, vertical, solid and dashed lines. The 4.5µm luminosity
can be powered solely by shock luminosity for shock velocities
where the red line is outside of the gray shaded region and below
the blue line.
10 M if extreme AGB stars (Thompson et al. 2009) rather
than the ∼ 160 M of η Car (Davidson & Humphreys 1997).
The mass loss/ejection requirements to hide survivors
to N300OT and SN 2008S would, of course, be reduced if the
luminosity of the stars diminished — the “tuckered-out” star
hypothesis (Smith et al. 2011). The ‘buildup’ or ‘recovery’
time-scale for the radiated energy of N300OT is
trad ∼ 42
(
t1.5
80 days
)(
Lpeak/L∗
190
)
ζ yr. (13)
But as we discussed in Adams & Kochanek (2015), this is
likely not the most relevant time-scale for the stellar lu-
minosity since the envelope will likely return to thermal
equilibrium primarily through Kelvin–Helmholtz contrac-
tion rather than by energy radiated from the core. Moreover,
any transient mechanism that has no ‘knowledge’ of the es-
cape speed would generally leave a surviving star overex-
panded and likely overluminous rather than underluminous
(Pan et al. 2013; Shappee et al. 2013). The birth of a mas-
sive white dwarf also seems inconsistent with the data, since
the luminosity is expected to exceed pre-outburst levels for
decades in this scenario (Kwok 1993).
The alternative is that the transients were low-
luminosity supernovae. If the events are terminal, the fading
4.5 µm flux might be reprocessed light due to some combi-
nation of the shock luminosity from the interaction of the
ejecta with the CSM (Kochanek 2011a), radioactivity (Bot-
ticella et al. 2009), or a remnant. With the dense winds
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surrounding SN 2008S and N300OT the maximum possible
shock luminosity,
Ls,obs ' 2.8× 105
(
ve
1100 km s−1
)3
×
(
M˙/vw
2.4× 10−5 M yr−1/km s−1
)
L, (14)
(where M˙/vw is normalized to the value for the SN 2008S
progenitor found in §2.3) is large compared to the observed
IR luminosity. Radiating only a small fraction of this lumi-
nosity in the IR would account for the observed flux. The
limit on the IR luminosity of SN 2008S attributable to ab-
sorbed X-ray luminosity from the forward shock found at the
time of our Chandra observation in 2012 is somewhat lower
than the contemporaneous IR observations for the fiducial
parameters used in Eqn. 4 (see Fig. 9). However, given the
parameter uncertainties, the X-ray non-detection is still con-
sistent with supernova interpretation. For example, if the
shock velocity is only 20% lower than the fiducial value, an
X-ray detection would not be expected even if the absorbed
X-ray shock luminosity was the sole energy source for the
IR luminosity observed in 2012.
Given the low masses of the progenitors and the pecu-
liarity of the events, it has been speculated that SN 2008S-
like transients could be ecSNe (Botticella et al. 2009). How-
ever, light-curve modeling of ecSNe exploding within their
progenitor winds suggest that the initial transient luminosi-
ties should be significantly higher than those observed for
SN 2008S and N300OT unless the envelopes were mostly
lost prior to the explosions (Moriya et al. 2014). The precise
mass ranges giving rise to ecSNe and ccSNe are uncertain,
but Poelarends et al. (2008) predict the progenitors of ec-
SNe to have final luminosities of 105.0−5.2 L and the least
massive ccSN progenitors to be 104.6 L. With these esti-
mates N300OT and SN 2008S seem more likely to be the
least massive ccSNe.
Continued monitoring of SN 2008S and N300OT is
needed to settle the debate on the fates of these objects.
If the 4.5 µm fluxes continue to decrease, the mass loss
or ejected mass needed to account for the obscuration will
become increasingly unreasonable. The primary problem is
that without longer-wavelength data the temperature of any
dust surrounding these objects is weakly constrained. Ulti-
mately, the issue may need to be resolved by 10 − 20 µm
observations with the James Webb Space Telescope, which
should easily determine if there is cold dust obscuring sur-
viving stars.
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APPENDIX A: DUST MODELS FOR ALL
STELLAR TEMPERATURES
Although a surviving star would likely have a temperature
similar to one of the three cases (T∗ = 3500, 104, or 3× 104
K) we have already discussed, for completeness in Figure A1
we present the full grid of models we calculated for stellar
temperatures ranging from 3500 to 49,000 K with τV,tot = 0,
10, 100, and 1000. We also show the results for the shell
model when not including the variability constraints (the
left-hand column of Fig. A1). The variability limits have
the largest impact at low to moderate levels of obscuration
(τV,tot = 1 or 10) where the expanding shell model would
imply the largest dL/dt in optical filters, but these optical
depths are already ruled out by the latest photometric con-
straints at all stellar temperatures for N300OT and at cool
temperatures for SN 2008S. Well-fitting models for N300OT
are not possible for the τV,tot = 0 shell model or for the
τV,tot = 0 and 1 wind models because the 4.5 µm flux can-
not be fit by a stellar source at low optical depth without
violating the optical and near-IR upper limits. Meanwhile,
the flux for SN 2008S is only a 1σ detection.
Since the 4.5 µm fluxes are still declining and might be
from a shock rather than a surviving star we also provide
another set of models that treat the 4.5 µm detections as
upper limits to the luminosity from a dusty survivor (see Fig.
A2) As one would expect, the constraints on the luminosity
of a surviving star from the “detection” models in Figure
A1 roughly define the upper limits in these models, but it is
now possible to see limits on a survivor to N300OT at the
lower optical depths and cooler temperatures that could not
produce good fits in the “detection” case. Though this figure
appears to show that the progenitors of N300OT and SN
2008S could have survived unobscured as hot (T∗ ∼> 5× 10
4
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Figure A1. SED modeling results for different obscuration scenarios, showing the possible luminosities of a surviving star as a function
of stellar temperature when treating the 4.5 µm flux as a detection. The colored bands in the top panels show the luminosities within the
99.99% confidence intervals (∆χ2 < 21.1 for three parameters – L∗, T∗, and τ) for τV,tot = 0, 1, 3, 10, 100, and 1000. For the N300OT
τV,tot = 0 cases the ∆χ
2 is above 21.1 for the entire parameter space shown. In the bottom panels, the colored bands are replaced by lines
showing the maximum luminosities within 99.99% confidence intervals because the lower limits extend to a luminosity of zero (the 4.5 µm
flux detection is at less than 2σ). The solid black horizontal line and surrounding gray shading indicates the progenitor luminosity and
1σ uncertainties. For these models N300OT and SN 2008S could only have survived at their pre-outburst luminosities as cool (∼ 3500
K) super-AGB stars if they are currently obscured by dusty shells with τV,tot > 100 and τV,tot > 10, respectively. Even if we allow the
surviving stars to have become much hotter the results are essentially unchanged for N300OT while the obscuration required to hide SN
2008S is still τV,tot > 1.
and 3× 104 K, respectively) stars, we discussed in §3.1 that
the early optical depth evolution of the transients implies
that they cannot be unobscured now.
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Table 1. SN 2008S Progenitor Photometry
Filter Magnitudea Luminosityb [L]
U (LBT-LBC-Blue) > 25.8 magc < 4600
B (LBT-LBC-Blue) > 25.9 magc < 4200
V (LBT-LBC-Blue) > 26.0 magc < 1800
R (Gemini-GMOS) > 24.5 magd < 4300
I (Gemini-GMOS) > 22.9 magd < 10100
K’ (MMT-PISCES) > 18 mage < 63300
3.6 µm (Spitzer IRAC) < 5 µJyc < 4300
4.5 µm (Spitzer IRAC) 22± 3µJyc 14800± 2000
5.8 µm (Spitzer IRAC) 49± 12µJyc 25300± 6200
8.0 µm (Spitzer IRAC) 66± 13µJyc 24500± 4800
24 µm (Spitzer MIPS) < 96 µJyc < 11900
70 µm (Spitzer MIPS) < 9340 µJyc < 384000
a Apparent magnitude
b Luminosity after correcting for Galactic extinction
c Prieto et al. (2008)
d Welch et al. (2008)
e Botticella et al. (2009)
Table 2. N300OT Progenitor Photometry
Filter Magnitudea Luminosityb [L]
HST/ACS F475W > 28.3 mag < 14
HST/ACS F606W > 28.5 mag < 7.6
HST/ACS F814W > 26.6 mag < 23
SST 3.6 µm 6.7± 0.7 µJy 620± 60
SST 4.5 µm 77± 9 µJy 5600± 600
SST 5.8 µm 325± 30 µJy 18600± 1700
SST 8.0 µm 877± 90 µJy 36300± 3700
SST 24 µm 2523± 250 µJy 35300± 3500
a Apparent magnitude
b Luminosity after correcting for Galactic extinction
The HST photometry is from Berger et al. (2009) and Bond
et al. (2009) and the SST photometry is from Prieto (2008).
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Table 3. SN 2008S SST Light Curve
Date (UT) MJD L3.6µm [L] L4.5µm [L]
2008-2-6 54502.8 1.36(1)× 106 1.32(1)× 106
2008-7-18 54665.7 2.47(3)× 105 2.92(2)× 105
2010-8-8 55416.8 1.04(3)× 105 1.64(2)× 105
2010-12-1 55531.4 82200± 3000 1.32(2)× 105
2011-7-27 55769.9 41800± 2900 90600± 2100
2011-8-12 55785.9 38700± 2900 84900± 2000
2012-3-16 56002.0 63300± 2500
2012-8-21 56160.0 10800± 2900 45700± 2000
2013-8-17 56521.1 2200± 2900 18300± 2100
2014-1-3 56660.6 10700± 2000
2014-3-26 56742.6 9600± 2100
2014-8-20 56889.5 1400± 2900 11800± 2000
2014-9-16 56916.2 −500± 2900
2014-10-15 56945.6 200± 2900
2015-1-31 57054.0 −4200± 2900 4500± 2000
2015-9-2 57267.3 −8500± 2900 −1400± 2100
2015-9-13 57278.8 −7400± 2900 −1800± 2000
Based on image subtraction. The absolute luminosity scale is
based on aperture photometry of the stack of pre-explosion
images and is corrected for Galactic extinction. The uncertainties
listed here are only for the relative flux changes and do not
include the uncertainty in the zeropoint.
Table 4. N300OT SST Light Curve
Date (UT) MJD L3.6µm [L] L4.5µm [L]
2009-12-21 55186.8 2.05(2)× 105
2010-7-27 55404.1 99300± 200
2010-8-16 55424.1 92400± 200
2010-8-31 55439.7 84800± 200
2011-9-11 55815.5 11900± 150 32300± 130
2011-9-14 55819.0 11800± 130 32400± 120
2012-1-14 55940.0 6570± 130 19800± 120
2012-8-10 56149.6 2110± 150 8350± 120
2012-8-20 56159.2 2030± 130 8220± 110
2013-8-23 56527.2 570± 180 2470± 130
2014-3-13 56729.5 −80± 130 980± 110
2014-8-29 56898.3 −30± 130 770± 110
2014-9-5 56905.2 −70± 130 850± 130
2014-10-3 56933.4 −110± 130 640± 110
2015-2-9 57062.4 −10± 130 140± 110
Based on image subtraction. The absolute luminosity scale is
based on aperture photometry of the stack of pre-explosion
images and is corrected for Galactic extinction. The uncertainties
listed here are only for the relative flux changes and do not
include the uncertainty in the zeropoint.
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Table 5. SN 2008S Late-time Photometry
Filter Magnitudea Luminosityb [L] Epoch
HST WFC3/UVIS F438W > 27.03 < 1400 2014-02-21
HST WFC3/UVIS F606W > 27.44 < 400 2014-02-21
HST WFC3/UVIS F814W > 26.42 < 410 2014-02-21
HST WFC3/IR F110W > 24.81 < 720 2012-08-30, 2013-12-29, 2015-05-12
HST WFC3/IR F160W 22.70± 0.11 2200± 200 2010-08-24
HST WFC3/IR F160W 23.74± 0.28 830± 210 2011-08-07
HST WFC3/IR F160W > 23.77 < 810 2012-08-30, 2013-12-29, 2015-05-12
SST 3.6 µm > 20.02 (< 3µJy) < 2400 2015-09-13
SST 4.5 µm 20.9± 0.9 (0.1± 0.1µJy) 550± 470 2015-09-13
a Apparent magnitude
b Luminosity after correcting for Galactic extinction
Table 6. N300OT Late-time Photometry
Filter Magnitudea Luminosityb [L] Epoch
Magellan R > 24.37 < 280 2015-01-02
HST WFC3/IR F110W > 25.08 < 48 2012-07-18, 2013-12-20, 2015-05-27
HST WFC3/IR F160W > 24.51 < 39 2012-07-18, 2013-12-20, 2015-05-27
SST 3.6 µm > 20.16 (< 2 µJy) < 220 2015-02-09
SST 4.5 µm 18.89± 0.17 (5± 1 µJy) 370± 50 2015-02-09
a Apparent magnitude
b Luminosity after correcting for Galactic extinction
Table 7. SN 2008S Late-time Variability Constraints
Filter Variability [L yr−1] Date Range Number of Epochs
LBT U-band 280± 330 2010-03-18 – 2015-04-19 21
LBT B-band 570± 210 2010-03-18 – 2015-04-19 24
LBT V-band 200± 150 2010-03-18 – 2015-04-19 24
LBT R-band 20± 50 2010-03-18 – 2015-04-19 24
HST WFC/IR F110W 144± 100 2012-08-30 – 2015-05-12 3
HST WFC/IR F160W 150± 550 2012-08-30 – 2015-05-12 3
Table 8. N300OT Late-time Variability Constraints
Filter Variability [L yr−1] Date Range Number of Epochs
Magellan R-band −70± 100 2010-08-09 – 2015-01-02 3
HST WFC/IR F110W −0.9± 5.8 2012-07-18 – 2015-05-27 3
HST WFC/IR F160W −7.7± 8.8 2012-07-18 – 2015-05-27 3
